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Abstract. Improving the representation of the hydrological cycle in At-
mospheric General Circulation Models (AGCMs) is one of the main challenges
in modeling the Earth’s climate system. One way to evaluate model perfor-
mance is to simulate the transport of water isotopes. Among those available,
tritium (HTO) is an extremely valuable tracer, because its content in the dif-
ferent reservoirs involved in the water cycle (stratosphere, troposphere, ocean)
varies by order of magnitude. Previous work incorporated natural tritium
into LMDZ-iso, a version of the LMDZ general circulation model enhanced
by water isotope diagnostics. Here for the first time, the anthropogenic tri-
tium injected by each of the atmospheric nuclear-bomb tests between 1945
and 1980 has been first estimated and further implemented in the model; it
creates an opportunity to evaluate certain aspects of LDMZ over several decades
by following the bomb-tritium transient signal through the hydrological cy-
cle. Simulations of tritium in water vapor and precipitation for the period
1950-2008, with both natural and anthropogenic components, are presented
in this study. LMDZ-iso satisfactorily reproduces the general shape of the
temporal evolution of tritium. However, LMDZ-iso simulates too high a bomb-
tritium peak followed by too strong a decrease of tritium in precipitation.
The too di↵usive vertical advection in AGCMs crucially a↵ects the residence
time of tritium in the stratosphere. This insight into model performance demon-
strates that the implementation of tritium in an AGCM provides a new and
valuable test of the modeled atmospheric transport, complementing water
stable isotope modeling.
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Key points:
• The anthropogenic tritium injected by each of the atmospheric nuclear
tests has been estimated and implemented in the AGCM LMDZ-iso
• LMDZ-iso correctly reproduces the general shape of the temporal evo-
lution of tritium in precipitation between 1950 and 2008
• Tritium model-data comparisons provide an additional tool to test the
stratospheric residence time in the models
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1. Introduction
The water cycle is a key component of the Earth’s climate system. Modeling the time
responses of this cycle and the implied physical processes (evaporation, precipitation,
atmospheric transport) challenges the Atmospheric General Circulation Models (AGCMs)
used to study the climate system and to project future climate. One method of evaluating
the performance of these models is to simulate the transport of the water stable isotopes
(H216O, HDO, H218O, H217O) [Joussaume et al., 1984; Jouzel et al., 1987; Ho↵mann et al.,
1998; Mathieu et al., 2002; Noone and Simmonds , 2002; Lee et al., 2007; Schmidt et al.,
2007; Yoshimura et al., 2008; Tindall et al., 2009; Risi et al., 2010, 2013; Werner et al.,
2011], which are tracers of the past and present-day hydrological cycle.
Tritiated water (HTO) is another useful tracer. Tritium (T) is naturally produced by
the interaction of cosmic radiation with nitrogen atoms in the upper atmosphere, at an
average rate of 3200 atoms m 2 s 1 [Masarik and Beer , 2009] and has a radioactive half-
life of 12.32 ± 0.02 years [Lucas and Unterweger , 2000]. The vast majority of this natural
(i.e., cosmogenic) tritium, which amounts to a steady-state global inventory of 3.6 kg
[Fourre´ et al., 2006], enters the hydrological cycle in the form of tritiated water molecules
(HTO) [Gat et al., 2001]. Because of this upper atmospheric production and di↵erent
tritiated water concentrations in the main reservoirs involved in the water cycle (strato-
sphere, troposphere and ocean considered in this study), HTO is an extremely valuable
marker for the fluxes between these reservoirs. For example, the natural-tritium content
of stratospheric water vapor has been estimated to be some 5–9 ⇥ 105 TU (Tritium Units,
where 1 TU corresponds to T/H ratio of 10 18) [Ehhalt et al., 2002; Fourre´ et al., 2006],
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which is several orders of magnitude greater than the natural-tritium level in precipitation
(a few TU only [IAEA, 2016]). This large stratospheric reservoir also makes tritium an
extremely valuable tracer for mapping the intrusion of stratospheric air masses into the
troposphere, in particular over Antarctica, a region under the influence of the polar vortex
[Taylor , 1968; Jouzel et al., 1979, 1982; Wagenbach et al., 1998; Fourre´ et al., 2006].
Furthermore, vast amounts of anthropogenic tritium from nuclear tests were injected
into the atmosphere, mainly during the 1950-60s (520-550 kg [Michel , 1976; UNSCEAR,
2000], ⇠90% of which went into the stratosphere). These tests have caused a huge “tritium
peak” (or “bomb peak”) to be measured in precipitation [IAEA, 2016]. For example, the
precipitation in Vienna reached concentrations of tritium 700-800 times higher in 1963-
1964 than at the end of the 2000s. Since the Nuclear Test Ban Treaty in 1963 the
level of tritium measured in precipitation has been steadily decreasing due to radioactive
decay and dilution in the world oceans. The concentration of tritium in precipitation has
been continuously monitored by the Global Network of Isotopes in Precipitation (GNIP,
database available through the IAEA) for the last 60 years. The data suggest that tritium
levels in precipitation are now close to their pre-nuclear test values, which can be estimated
from ice cores and a few pre-bomb samples of precipitation [Cauquoin et al., 2015].
The occurrence of natural tritium has already been implemented in the Laboratoire
de Me´te´orologie Dynamique Zoom (LMDZ) Atmospheric General Circulation Model
[Cauquoin et al., 2015] developed at LMD [Hourdin et al., 2006, 2013]. This isotopic
version is hereafter called LMDZ-iso [Risi et al., 2010]. This first step was necessary to
test the simulated distribution of tritium in the atmosphere due to climatic processes. The
transport of tritium and its spatial/seasonal variability was analyzed under steady-state
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cosmogenic tritium inputs, i.e., without the massive increase of tritium due to nuclear
weapon testing.
Here, we further test the realism of the water cycle dynamics modeled by LMDZ-iso
through a tritium model-data comparison that includes the anthropogenic component of
this tracer coming from the nuclear-weapon tests. With the exception of the pioneering
study by Koster et al. [1989] with a very simplified bomb-tritium input function and
extremely limited resolution and simulation time, this is the first time that a detailed
bomb-tritium input is presented and implemented in an AGCM. In fact, the atmospheric
input of the huge and well-dated transient thermonuclear tritium in LMDZ-iso is expected
to help testing the time response of the modeled hydrological cycle and better decipher
the influences of horizontal tropospheric transport versus vertical advection between the
stratosphere and the troposphere. Modeling such an anthropogenic signal relies, however,
on a precise inventory of the tritium inputs during the bomb tests. While details of
the atmospheric bomb tests (including dates, location, fission and fusion yields) are now
available [UNSCEAR, 2000], the corresponding records of the amount of atmospheric
tritium released by each individual test are not. The present study fills this gap and
provides for the first time an estimate of the time-evolution of the atmospheric bomb-
tritium emissions throughout the period of atmospheric tests.
The outline of this paper is as follows. Section 2 briefly outlines the description of
the isotopic processes included in LMDZ-iso. We also give details of the methodology
used to derive the amount of tritium released into the atmosphere by each individual
nuclear detonation, based on its fission and fusion yields, as well as the elevation and
thickness of the corresponding nuclear cloud. We also describe the additional oceanic
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boundary conditions that have been implemented in the model. We then describe the
various simulations performed and the tritium data used for validation. In Section 3,
we evaluate the simulated temporal variations of tritium in precipitation and in water
vapor between 1950 and 2008 at di↵erent representative and well-documented areas such
as Europe and Antarctica. In Section 4, we use the comparison between the observed and
modeled variability of tritium to identify and better constrain the driving mechanisms
of the tritium-peak in precipitation and of its decay within the hydrological cycle. With
this aim, we apply specific sensitivity tests and evaluate the resulting e↵ects on several
well-documented regions.
2. Model simulations and data sets
2.1. LMDZ-iso and isotopic processes
Following Cauquoin et al. [2015] in modeling natural tritium, we use here the LMDZ
model version LMDZ5a [Dufresne et al., 2013]. The dynamical part is based on a discrete
latitude–longitude grid, at the standard resolution of 2.5  ⇥ 3.75 . The advection of water
in its vapor and condensed states is calculated using the van Leer [1977] scheme. An error
has been found and corrected in this advection scheme of our version of LMDZ-iso, with
the result that the properties of the air in the target grid box are the same as in the
source grid box, instead of being the result of a linear combination between the two boxes
involved. The erroneous scheme so-called “upstream scheme”, is too di↵usive [Hourdin
and Armengaud , 1999] and a↵ects all water isotopes, including the values of our simulated
natural tritium content in water [Cauquoin et al., 2015], with as the main consequence
a humid bias at the poles and especially in the polar stratosphere. The correction of
this error in the advection scheme did not change the main results and the conclusions
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from our previous study, and even improved the agreement with the present observations
because the  30% correction coe cient applied to the cosmogenic production of tritium
[Masarik and Beer , 2009] in our previous study is no longer necessary. A dedicated note
will be issued to address the consequences of this correction in the advection scheme for
other modeled parameters.
To ensure a realistic description of the stratosphere and of the Brewer-Dobson circu-
lation, the model is run in its “stratospheric” version i.e. with 39 layers in the vertical,
including 22 located above the 200 hPa pressure level [Lott et al., 2005]. The physical
package, described in detail by Hourdin et al. [2006] and Dufresne et al. [2013], includes the
Emanuel convective parameterization [Emanuel , 1991] coupled to the Bony and Emanuel
[2001] cloud scheme.
Following Risi et al. [2010], LMDZ-iso uses the same physical and dynamical descrip-
tions of the HTO molecule as for the other water isotopes. Due to mass and symmetry
di↵erences, the various isotopic forms of the water molecule (H216O, H218O, HDO, H217O,
HTO) have slightly di↵erent physical properties (e.g., saturation vapor pressure, molecu-
lar di↵usivity), and are therefore redistributed between the vapor and condensed phases at
each phase change di↵erently, depending on atmospheric conditions (temperature, vapor
saturation, etc.). The implementation of the water stable isotopes in LMDZ-iso and of
their associated isotopic e↵ects (kinetic and equilibrium) has been extensively described
by Risi et al. [2010] and Bony et al. [2008]. Concerning the HTO molecule, the equilib-
rium fractionation coe cients between vapor and liquid water or ice are given by Koster
et al. [1989]. We take into account the kinetic e↵ects during the evaporation of water from
the sea surface following Merlivat and Jouzel [1979] and during snow formation following
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Jouzel and Merlivat [1984], with the supersaturation parameter S set to 0.004 [Risi et al.,
2010]. More details about the parameterization of the isotopic processes influencing HTO
distribution are given by Cauquoin et al. [2015].
2.2. Implementation of the bomb-tritium input function
2.2.1. Global production of bomb tritium
The inventory of tritium arising from atmospheric nuclear tests can be determined either
from the estimation of the tritium production per Megatonne (Mt) of fission and fusion
yields of the nuclear devices multiplied by the total yield of nuclear tests, or from the
summation of the tritium present in the various compartments of the hydrosphere based
on environmental measurements. Table 1 summarizes the various estimates published in
the literature. The latest figures converge towards the value presented by UNSCEAR in
its 2000 report which reviewed the global inventory of radionuclides produced and globally
dispersed by atmospheric nuclear testing and the assessment of the radiation dose induced
to the public: 186000 PBq corresponding to 520 kg of T. This figure, based on nuclear
weapon yields, is remarkably close to Michel ’s estimate [1976] of 550 ± 160 kg, based
on the global inventory of tritium in the environment. Note that HT gas can also leak
from underground nuclear tests and military tritium facilities [Happell et al., 2004]. Based
on HT atmospheric data, Happell et al. [2004] calculated a global total of atmospheric
tritium that peaked at 1.3 kg in 1975 and has dropped since then to less than 0.2 kg (2002
value). This tritiated hydrogen in the atmosphere is mainly (80%) taken up by soils and
transformed to HTO by bacterial oxidation [Hauglustaine and Ehhalt , 2002; Constant
et al., 2009]. Therefore, it can be neglected in the HTO atmospheric budget. Before
1980, atmospheric releases of HTO by the nuclear power industry are negligible. After
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1980, 0.7 kg of tritium on average [UNSCEAR, 2000] have been released each year into the
atmosphere (in comparison, natural production is ⇠0.2 kg per year [Craig and Lal , 1961]).
However, as shown by tritium measurements around nuclear plants [Jean-Baptiste et al.,
2007] most of this tritium is scavenged locally by precipitation. So these tritiated e✏uents
are not likely to significantly influence tritium concentration in precipitation away from
their release point.
2.2.2. Tritium production as a function of fission and fusion yields of nuclear
tests
Following the end of the Cold War, details on nuclear tests (location, date, altitude
of detonation, fission and fusion yields, etc.) were made available to the public [U.S.
Department of Energy Nevada Operations O ce, 2000; Warner and Kirchmann, 2000;
UNSCEAR, 2000]. It is therefore possible to construct a detailed timetable of tritium
injection into the atmosphere including each individual test, provided that the amount of
tritium produced by each nuclear detonation is known. The UNSCEAR nuclear bomb-test
data set breaks down the total energy released by each individual test into its fission and
fusion component [UNSCEAR, 2000, Annex C – Table 1]. However, tritium production
per Mt of fission and fusion yields reported in the literature varies over a fairly wide
range. Therefore, an average tritium production per Mt of fission and fusion yields has
to be determined.
Tritium released by atmospheric nuclear detonations originates from the following main
sources: (1) uranium ternary fission; 14N(n,3H)12C reactions induced by (2) fission and (3)
fusion neutrons of atmospheric nitrogen; and (4) residual tritium produced by neutrons
captured by lithium in the explosive.
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Therefore, the global tritium production NT (in mol) can be written as follows:
NT = (a1 + a2)Pfission + (a3 + a4)Pfusion (1)
where Pfission and Pfusion are the global fission and fusion yields of nuclear weapons
(Pfission = 189.403 Mt and Pfusion = 250.56 Mt – UNSCEAR [2000]) and ai coe cients
are the tritium production (in mol T Mt 1) according to the four mechanisms listed above.
NT amount corresponds to 520 kg or 173333 moles of tritium (see above).
Coe cient a1 (uranium ternary production) is small (a1 = 0.019 mol T Mt 1) based
on 1.4 1026 fissions Mt 1 [Miskel , 1973] and 0.8 10 4 atoms of tritium per fission [Sloth
et al., 1962] and could even be neglected.
Since bomb carbon-14 (14C) is also produced by 14N(n,p)14C reactions on atmospheric
nitrogen (see mechanisms 2 and 3 above), coe cients a2 and a3 can be determined by
scaling them to those for 14C, taking into account the respective neutron cross-sections
of the 14N(n,p)14C and 14N(n,3H)12C reactions. The cumulative bomb 14C production














yfusion are the cumulative fission and fusion yields between t0 and
t.
The various estimates of the total bomb 14C inventory, based on environmental data or
on carbon cycle models agree on the value N14C = 105 mol (± 10%) [Hesshaimer et al.,
1994; Lassey et al., 1996; Jain et al., 1997; Naegler and Levin, 2006]. Using the UNSCEAR
[2000] nuclear bomb-test data set and equation (2), the coe cients b2 and b3 that produce
c 2016 American Geophysical Union. All Rights Reserved.
the best fit to time-evolution of the radiocarbon inventory from 1945 to 1965 have been
determined, giving b2 = 117 and b3 = 320 mol 14C Mt 1 (Figure 2, right).
Figure 1 displays the cross-sections for the two reactions, 14N(n,p)14C and 14N(n,3H)12C,
as a function of neutron energy, as well as the energy distribution of fission neutron, P (E),
and the energy (14 MeV) of fusion neutrons created by D-T reactions. It follows that the






giving a2 = 2.63 mol T Mt 1. For the 14 Mev fusion neutrons, the production ratio is
simply b3/a3 =  14C/ T (at 14 Mev) = 1.54, giving a3 = 207.8 mol T Mt 1. Finally,
coe cient a4 can be determined using equation (1):
a4 =
NT   (a1 + a2)Pfission   a3Pfusion
Pfusion
(4)
giving a4 = 482 mol T Mt 1.
Coe cients ai are summarized in Table 2, with their value in mol T Mt 1 and g T
Mt 1. The corresponding cumulative bomb-tritium production is shown in Figure 2. One
can deduce that atmospheric tritium releases are dominated by fusion, with a tritium
production of 2.07 kg Mt 1, against 8 10 3 kg Mt 1 for fission, in full agreement with
the UNSCEAR [2000] estimates. As a whole, over the 520 kg of tritium produced by the
atmospheric nuclear tests, 518.5 kg (99.7%) were due to fusion and only 1.5 kg (0.3%) to
fission.
2.2.3. Height of the tritium injection
The altitude at which tritium is released is a key parameter for modeling tritium in
an AGCM. In particular, a realistic partitioning between the amounts released into the
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troposphere and into the stratosphere is very important, since tritium has a residence
time of several years in the stratosphere before being transferred across the tropopause
and being incorporated into precipitation. For a given explosion height, the height of the
nuclear cloud depends on buoyancy forces, and thus on the amount of energy released
by the explosion and on the atmospheric vertical density field. Figure 3 displays avail-
able literature data for the maximum height and vertical extent of a nuclear cloud as a
function of the energy of the detonation, as well as the curve derived from Machta’s semi-
empirical theory for tropical latitudes [Machta, 1950; Kellogg et al., 1957]. Figure 3 shows
that Machta’s curve clearly underestimates the height of the cloud. Moreover, probably
because of the substantial scatter in the data, it does not show any clear evidence of a
significant di↵erence of height between tropical and mid-latitude explosions. Therefore,
for the altitude and extent of the atomic cloud in the model, we empirically adopt poly-
nomial fits (solid lines in Figure 3). With this formulation, 92% of the tritium production
is injected into the stratosphere, in good agreement with the UNSCEAR [2000] estimate
of 89.9%.
2.2.4. Implementation in LMDZ-iso
The two steps presented above allow us to deduce the amount of tritium injected into
the high atmosphere and the height of the nuclear cloud for each individual atmospheric
nuclear test between 1945 and 1980 whose date, localization and yield are known (see
Supporting Information). We removed two nuclear bomb tests from this list because
their heights of injection were too high (80 and 100 km high, highlighted in red in Table
S1) compared to the maximum altitude in the model (around 52 km high). These two
nuclear tests injected 4.46 kg of tritium in the atmosphere, which represents 0.86% of our
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anthropogenic tritium input signal. Omitting these two nuclear tests, gives a total of 513.9
kg of tritium injected into the atmosphere during our simulations. This anthropogenic
production of tritium has then been used as an input in LMDZ-iso in the following way. For
each nuclear test, the corresponding amount of bomb-tritium injected in the atmosphere
is evenly spread during the entire day. According to the localization of the nuclear test,
we select the corresponding closest horizontal mesh (i.e., latitudinal and longitudinal
coordinates). Then, the bomb-tritium input is uniformly distributed in an air column
between the first layers below and above the nuclear cloud. This assumption is tested
later in the manuscript with a sensitivity test on the height of injection of bomb-tritium
in the atmosphere and its consequences on the tritium concentration in precipitation and
in stratospheric water vapor.
2.3. Boundary conditions on tritium at the surface of the oceans
Modeling tritium in an AGCM requires proper oceanic boundary conditions. Due to
radioactive decay and dilution by the oceans, tritium concentration at the ocean surface
has decreased rapidly since the bomb-test period. We reconstructed the time-evolution
of the oceanic boundary conditions for tritium using all available tritium measurements
at the ocean surface during the whole period of interest. These include multiple data
sets, which represent more than 2500 collected data points. To provide monthly maps of
surface oceanic tritium between 1950 and 2004, we have used the methodology of Broecker
et al. [1986], i.e., the data were split into specific latitudinal bands where surface tritium
concentrations can be considered “homogeneous”. For each latitudinal band, the data
were then fitted and interpolated using polynomial functions (Figure S2). In this way, we
produced the necessary maps of tritium at the ocean surface for each month of simulation.
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Finally, we smoothed the maps by applying a Gaussian low-pass filter. For the years before
1950 and after 2004, we considered that the distributions of tritium content at surface of
the ocean were the same as of January 1950 and December 2004 respectively. Additional
information about the methodology and the sources can be found in the Supporting
Information [Andrie´ et al., 1988; Bainbridge, 1963; Bonisch and Schlosser , 1995; Bowen
and Roether , 1973; Broecker et al., 1986; CCHDO , 2016; Dockins et al., 1967; Dorsey
and Peterson, 1976; Dreisigacker and Roether , 1978; Gargett et al., 1986; O¨stlund et al.,
1987; Jenkins , 1977, 1980, 1989, 1996; Kakiuchi et al., 1999; Landa et al., 1999; Leboucher
et al., 2007; Michel and Williams , 1973; Michel and Suess , 1975; Michel et al., 1979;
Mulsow et al., 2003; O¨stlund et al., 1969, 1986; O¨stlund and Grall , 1987; Jean-Baptiste
et al., 1998, 2004; Povinec et al., 2004; Roether et al., 1970; Roether , 1974; Schlosser ,
1985; Schlosser et al., 1995; Tamuly , 1974; Top et al., 1998; Zaucker , 1988].
2.4. Simulations and sensitivity tests
As in Cauquoin et al. [2015], all our simulations were nudged by the horizontal winds
from 20CR reanalyses [Compo et al., 2011], which go back to 1871. The model starts
running in 1940 from the equilibrium state with the cosmogenic production obtained
from the previous study of Cauquoin et al. [2015]. The model then runs until 2008 and
the outputs are evaluated with a focus on the period after the mid-1950’s when the tritium
content in precipitations began to be monitored more intensively following the beginning
of the nuclear bomb tests.
We performed several simulations with di↵erent input parameters and boundary con-
ditions to test the sensitivity of the model to the height of the bomb-tritium injection,
the tritium concentration at the surface of the oceans and the properties of the advection
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scheme. More than the quantity of tritium released by a nuclear test, its height of injec-
tion in the atmosphere is a key parameter; this is because of the di↵erence in residence
time between the stratospheric and tropospheric compartments. In our simulation bomb
tritium is linearly distributed over the height range of the nuclear cloud, but this assump-
tion can be challenged. For example, in the carbon cycle model GRACE, Naegler and
Levin [2006] prescribed an exponential distribution of the bomb radiocarbon with altitude
within the nuclear cloud. To test the consequences of such uncertainties on the estimated
tritium in precipitation in LMDZ-iso, we performed a simulation imposing bomb-tritium
injection only into the layer corresponding to the top of the nuclear cloud. This relatively
extreme test allowed us to evaluate the e↵ects of vertical atmospheric transport on the
resulting modeled tritium concentration in water vapor and precipitation.
We also explored the influence of the oceanic boundary conditions. In this analysis,
we ran a simulation with an uniform tritium content at the ocean surface of 0.2 TU (the
value set for the simulation of natural tritium by Cauquoin et al. [2015], corresponding
to an extrapolated estimate of pre-bomb tritium in the North Atlantic surface waters
[Dreisigacker and Roether , 1978]). This distribution replaced the usual monthly tritium
concentration reconstruction. Finally, the tendency of the advection scheme to be more or
less di↵usive has been shown to strongly a↵ect the tropospheric humidity and its isotopic
composition [Risi et al., 2012]. To test this e↵ect, we performed sensitivity tests in which
we replace the van Leer ’s [1977] second-order advection scheme usually used in LMDZ-iso
by the much simpler upstream scheme [Godunov , 1959]. The latter is much more di↵usive,
as explained in the Appendix and in section 2.1. To summarize, the main simulations
were as follows:
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1. “standard”: with the bomb-tritium production function as detailed above and our
monthly reconstruction of tritium concentration at the ocean surface described in section
2.3;
2. “cloud top”: as (1) but all tritium from each nuclear test is injected into the upper
layer of the nuclear cloud instead of being uniformly distributed over all the nuclear cloud;
3. “0.2TU”: as (1) but with the ocean surface set at 0.2 TU throughout the simulation;
4. “advec xy”: same as (1) but with an upstream scheme on the horizontal plane (xy);
5. “advec z”: same as (1) but with an upstream scheme on the vertical direction (z).
2.5. Description of the available tritium data for model-data comparison
In this study, we focus on the evaluation of the temporal evolution of modeled tritium
content in precipitation and in water vapor during and after the era of atmospheric nuclear
bomb testing. Therefore, well-resolved and continuous tritium data are needed throughout
this period. In the GNIP water isotopes database of the IAEA [2016], only a few stations
were monitored for tritium in precipitation throughout the whole period of interest. We
have selected five stations representative of di↵erent precipitation regimes: Vienna (central
Europe), Melbourne (South Pacific), Valentia Island (coastal Europe), Ottawa (northern
America) and Halley Bay (Antarctica). For the tritium concentration in stratospheric
water vapor, we used the data from Ehhalt et al. [2002]. It must be noted that these
latter data are very limited in time and space, which makes the result of the comparison
between our simulations and the observations more uncertain.
3. Results: tritium in precipitation and in stratospheric water vapor
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3.1. Tritium in precipitation between 1950 and 2008
To evaluate the LMDZ-iso simulation results, we analyze here the model capability to
correctly simulate the temporal trend of tritium in precipitation between 1950 and 2008
(Figure 4) by comparing our simulation with the GNIP observations described in the
previous section (also indicated in Figure S3). Firstly, notice that LMDZ-iso reproduces
the general shape of the tritium content in precipitation fairly well during our period of
interest, with an increase of tritium content before the 1960s and a decrease after the
bomb test ban treaty. This confirms that the implemented amounts of tritium released
by the atmospheric nuclear tests are realistic.
Looking at di↵erences between stations displayed in Figure 4, the Northern Hemisphere
stations exhibit an initial increase by two to three orders of magnitude in their modeled
tritium levels in precipitation during the years 1952-53, followed by a lower increase until
the beginning of 1959. The level then decreased, leading to a local minimum in 1961. This
pattern, linked to the chronology of the bomb tests, is clearly visible in the tritium data
from Ottawa and Valentia. Although tritium data are not available for Vienna before
1961, our simulated tritium is in agreement with the observations for the local minimum
before the main bomb peak in 1962-64. The shape of the 1962-1964 tritium bomb-peak
produced by LMDZ-iso is in relatively good agreement with the one observed in the data.
Some di↵erences however, common to these three Northern Hemisphere stations, remain.
Firstly, LMDZ-iso overestimates the tritium content in precipitation during this period by
factors of 2, 2.5, and 3.5 at Vienna, Valentia and Ottawa respectively. Furthermore, the
curve of simulated tritium in precipitation exhibits two sharp peaks in February 1962 and
1963. These two peaks appear in the observations too, but the signal is much smoother
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and with a maximum, slightly shifted in time, in June 1963. After this maximum, the
simulated tritium in precipitation follows an exponential decrease, sharply at first until
the year 1990 and then more weakly (Valentia, Ottawa) as it asymptotically approaches
the pre-bomb values. When we compare our Northern Hemisphere outputs with the ob-
servations, we notice that the simulated tritium in precipitation decreases too strongly
after the bomb peak. As a consequence, LMDZ-iso underestimates the tritium in pre-
cipitation for the Northern Hemisphere, so that our simulated tritium in precipitation is
closer to the pre-bomb values than it is in reality. This underestimation cannot be due
to an error in our tritium input function because the peak is higher in our simulations
than in the data. We did not take into account the tritiated emissions from nuclear power
plants but that is not a plausible explanation — these emissions are mostly scavenged
locally by precipitation [Jean-Baptiste et al., 2007] and so are not likely to significantly
influence tritium concentration in precipitation away from their release point. To sum-
marize, the simulated bomb-tritium injected into the atmosphere (more than 90% into
the stratosphere) is transferred too rapidly through the lower vertical layers to be suf-
ficiently diluted in the atmosphere. This rapid movement causes the bomb peak in the
modeled precipitation to be higher than in the observations. The model then estimates
a massive removal of the tritium by the oceans (depending of the water flux exchanges
with the ocean surface, whose tritium content is defined as boundary conditions, and of
the tritium radioactive decay), faster than deduced from the GNIP dataset. The origins
of this discrepancy are analyzed more in detail in the section 4 with di↵erent sensitivity
tests.
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For the Southern Hemisphere, our simulated tritium outputs exhibit smoother variations
during this period, confirmed by the data (Figure 4). For example, the observations from
Melbourne show a decrease by a factor of 10 between the maxima in 1965 and 2008,
which is very small compared to the stations in the Northern Hemisphere (almost three
orders of magnitude). This is because most of the nuclear tests were carried out in the
Northern Hemisphere. This is expressed by a gentle increase of tritium in precipitation in
the Southern Hemisphere until 1962, a rather stable phase from 1963 to 1970, and then a
decrease until the end of the simulation in 2008. At the Melbourne station, our simulated
tritium in precipitation is in rather good agreement with the data during the maximum
phase between 1963 and 1968. However, when the decrease begins at the end of the
1960s, LMDZ-iso again underestimates tritium in precipitation due to the more steeply
decreasing slope, which is greater in the simulation than in the data. The consequence
is a di↵erence by a factor of five between LMDZ-iso and the observations in 2008 in
Melbourne. At Halley Bay, on the Antarctic coast, the decrease of the simulated tritium
in precipitation from 1968 is again too strong compared to the data. However, there
are some di↵erences compared to the situation in Melbourne. Indeed, our simulation
overestimates the tritium in precipitation at this station during the maximum phase but
agrees quite well with the data from 1990 to 2008. We observe that this period does
not present any trend, neither in our simulation nor in the data. These special patterns
are certainly due to the unique characteristics of Antarctica from the climatological (cold
and dry) and meteorological (polar vortex during the austral winter which isolates the
continent from marine air masses) points of view; these characteristics maximize the
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e↵ects of the stratospheric intrusions of air masses with high tritium content on the local
atmospheric tritium concentration.
The seasonal variations observed in the tritium outputs from LMDZ-iso have been an-
alyzed in our previous study [Cauquoin et al., 2015] and are the same after adding the
anthropogenic production of tritium. Briefly, in the Northern Hemisphere, there are some
discrepancies between data and model outputs with a few-months shift in the seasonal
maximum of tritium, possibly due to the intensity of baroclinic systems specially in win-
tertime. In Antarctica, the seasonal maximum takes place during the austral winter in
both data and model outputs, but LMDZ-iso overestimates the amplitude of this sea-
sonal cycle. This is possibly because the tritium-rich intruding air in LMDZ-iso spreads
out too much in the horizontal [Hourdin and Armengaud , 1999], which thus reaches the
coastal Antarctic area and the near ocean that should otherwise be less influenced by
these stratospheric inputs.
3.2. Tritium in stratospheric water vapor
Because of the importance of stratospheric dynamics in the response of the hydrological
cycle to the bomb-tritium forcing, we display the picture of the average content of sim-
ulated tritium in water vapor above the 200 hPa level and above 20 km high (Figure 5)
during the 1950-2008 period. We have chosen these levels because they represent the av-
erage pressure level of the tropopause and the minimal height of tritium data from Ehhalt
et al. [2002], respectively. Above the height of 20 km, the latitudinal variability of our
average modeled values of tritium is less than 20%. As described previously, the measure-
ments of tritium in stratospheric water vapor are very limited in time and space, which
makes the comparison with our simulation less conclusive. However, it is interesting to
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observe how fast anthropogenic tritium injected into the upper atmosphere is transported
into lower layers to be diluted by the hydrological cycle and the oceans. The pre-bomb
level of our simulated tritium in water vapor in the stratosphere is around 2-2.5 ⇥ 105 TU,
on the low side of the range of values estimated by Ehhalt et al. [2002] and Fourre´ et al.
[2006], 5 ⇥ 105 TU and 9 ⇥ 105 TU respectively, based on a small number of stratospheric
measurements made prior to 1984. The simulated tritium content in stratospheric water
vapor increases dramatically from November 1952 to July 1954 by two orders of magni-
tude, in response to the more than 47 kg of tritium injected in the atmosphere during
this period of time. This increase is followed by a relatively stable phase until July 1961,
and then a sharp increase by a factor of 10 mainly due to the huge amount of tritium
(more than 100 kg) released in the atmosphere by the explosion of the Tsar Bomba on
30 October 1961. Tritium in the stratospheric water vapor then continuously decreases
from the end of 1962, to finally reach the pre-bomb level and remain stable between 1990
and 2008. The comparison of our simulation with the fit to the stratospheric tritium data
from Ehhalt et al. [2002] between 1970 and 1985 shows that: (1) the average values of
tritium in water vapor above the 20 km level from LMDZ-iso agree well with the data, but
(2) the simulated decrease of tritium after the bomb peak appears too strong, consistent
with our previous conclusions on the tritium in precipitation simulated by LMDZ-iso.
4. Discussion: what drives the temporal evolution of tritium in water vapor
and in precipitation?
In this section, we use the comparison of the patterns of observed and modeled temporal
variability of tritium in water since 1950 to examine the driving mechanisms. We report
the influences of the height of anthropogenic tritium injection, tritium concentration at
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the ocean surface and parameterization of the advection scheme on the global distribution
of tritium in water vapor and in precipitation, and especially how they a↵ect the time
response of the modeled hydrological cycle with respect to the bomb-tritium forcing, i.e.,
the amplitude of the tritium peak and its decay with time.
4.1. Influences of the injection height of anthropogenic tritium and of the
prescribed concentration at the ocean surface
One of the main uncertainties concerning the bomb-tritium forcing prescribed in our
model is not so much the quantity of tritium released into the atmosphere but rather its
height of injection in the nuclear cloud. Indeed, tritium injected into the stratosphere is
supposed to stay several years in that layer before crossing the tropopause [Ehhalt et al.,
2002; Diallo et al., 2012]; in contrast, tritium emitted into the troposphere is rapidly
diluted by the hydrological cycle and especially by the oceans. The ocean boundary
condition, i.e., the prescribed tritium concentration at the ocean surface, can also have an
impact on our modeled concentrations of tritium in water vapor and precipitation through
tritium exchanges between the lowest atmospheric layers and the ocean [Cauquoin et al.,
2015]. Figure 6 shows the tritium in precipitation from the “standard”, “cloud top” and
“0.2TU” simulations between 1950 and 2008, as well as the GNIP data for the di↵erent
stations reported in section 2.5. For clarity, the data were smoothed to give a 1-year
moving average. We also show the modeled tritium in stratospheric water vapor for these
di↵erent sensitivity tests.
Changing the boundary conditions at the ocean surface has only a small e↵ect on the
values of tritium in precipitation, especially before the beginning of the 1980s when the
anthropogenic component of tritium in the atmosphere is at its maximum. After this pe-
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riod, which was completely dominated by anthropogenic production, imposing a constant
value of 0.2 TU at the surface of the oceans instead of using our reconstructed oceanic
boundary conditions results in: (1) lower values of tritium in precipitation and (2) the
pre-bomb level being reached earlier compared to the “standard” simulation, especially
in the Northern Hemisphere stations, where the di↵erence between the “standard” and
“0.2TU” boundary condition is the greatest. This di↵erence is even stronger for the Valen-
tia station, a coastal site in the Northern Hemisphere, because of the greater influence
of the ocean on this type of site. In agreement with our previous work [Cauquoin et al.,
2015], changing the tritium boundary conditions at the ocean surface has almost no e↵ect
on the Antarctic station. As expected, the tritium in stratospheric water vapor from the
“standard” and the “0.2TU” simulations are very similar, because this sensitivity test is
focused on the surface conditions.
Modifying the height of injection of the anthropogenic tritium in the “cloud top” sim-
ulation can lead to important changes in the simulated tritium content in precipitation.
Indeed, artificially injecting the bomb-tritium at higher altitude and in one atmospheric
vertical layer only means that tritium will be concentrated in a smaller air volume. Focus-
ing on the Northern Hemisphere stations, we can notice that the first significant increase
in tritium in precipitation, which takes place in November 1952 in the “standard” simu-
lation, is lagged by more than one year in the “cloud top” simulation. From this increase
until the 1990s, except at the time of the bomb-peak, the tritium in precipitation from
the “cloud top” simulation is higher than the one from the “standard” simulation. The
main di↵erence between both simulations for the Northern Hemisphere stations happens
during and after the bomb peak with a simulated tritium content higher than the obser-
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vations until the year 1969 instead of the abrupt decrease suggested in the “standard”
simulation, with a little smaller (e.g., by 16% at Vienna) and broader bomb peak. The
situation is rather similar for the Southern Hemisphere with higher tritium contents in
precipitation in the “cloud top” simulation than in the “standard” one until the 1990s.
From this period, the tritium level in precipitation at all stations in the “cloud top” sim-
ulation becomes very similar to the tritium values in the “standard” parameterization.
This statement means that the decrease in modeled tritium content in precipitation is still
too strong in response to the bomb forcing. However, by concentrating all tritium input
in the higher layers of the stratosphere, we would expect smoother variations in modeled
tritium of precipitation because of the time needed for downward advection and mixing
within the stratosphere.
As expected, one of the main e↵ects of injecting anthropogenic tritium at higher alti-
tude (i.e., more tritium in the stratosphere compared to the “standard” simulation) is a
significant increase of the tritium amount in stratospheric water vapor compared to the
“standard” simulation outputs, by up to a factor of 11 (average tritium in water vapor
above 20 km) during the first important nuclear tests in 1953-1954. We highlight two
points about the decrease of tritium level in stratospheric water vapor after the bomb
peak. Firstly, the average tritium concentration in water vapor above the 20 km level
from the “cloud top” simulation is too high compared to the tritium data from Ehhalt
et al. [2002] (by a factor of ⇠6). Secondly, the mean exponential decay time ⌧ of tritium
in the stratosphere (for both above the 200 hPa and 20 km levels) between the years
1964 and 1983 is almost the same for the “standard” and “cloud top” simulations: 3.33
and 3.21 years respectively, which comes to 4.10 and 3.91 years when accounting for the
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radioactive decay of tritium. If we restrict the analysis to the period between the years
1975 and 1983, we obtain rather similar decay times of 4.82 and 3.91, respectively. Even
taking into account some uncertainties related to variations of stratospheric H2O [Ehhalt
et al., 2002] or additional contributions from atmospheric nuclear tests after the bomb
peak (until 1980 in our tritium input function), our estimated decay times are clearly
smaller than the value of ⌧ = 7.7±2.0 years from Ehhalt et al. [2002]. This indicates that
the simulated atmospheric transport of tritium from the stratosphere to the troposphere
through the hydrological cycle is too fast, which would explain the too strong decrease of
tritium in precipitation after the bomb peak.
4.2. Influence of the advection scheme
The previous section highlighted the possible e↵ect of the downward advection between
the stratospheric and tropospheric layers on the modeled tritium concentration in precipi-
tation. For instance, the choice of the vertical advection scheme could have a large impact
on the residence time of tritium in the stratosphere, as already investigated by Eluszkiewicz
et al. [2000] for other tracers. So one way to elucidate this e↵ect on our simulated tritium
outputs is to modify the advection transport scheme. The resulting changes in the general
circulation are very minor since our simulations are nudged by reanalyzed winds. Thus
in Figure 7, we compare the tritium outputs from the simulations “advec xy” (upstream
horizontal advection) and “advec z” (upstream vertical advection) with the ones from our
“standard” simulation. The results from the “advec xy” simulation are relatively close to
the tritium outputs from the “standard” one, with a very similar picture of the tritium
in stratospheric water vapor. The values of the tritium concentration in precipitation
and in high stratospheric water vapor from the “advec xy” simulation are slightly lower
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and higher respectively than those from our “standard” parameterization. In the highest
atmospheric vertical layers, a stronger di↵usion in the horizontal smooths the latitudinal
dependency of tritium (the cosmogenic production term is more important in the higher
latitudes) and amplifies the stratification with the consequence of a drier air, which in-
creases slightly the average tritium content in stratospheric water vapor. Closer to the
surface, the water vapor at the ocean level di↵uses more in the horizontal decreasing the
tritium concentration in precipitation and in surface water vapor.
Applying an upstream scheme to the vertical direction (“advec z”) leads to a larger
di↵erence in our simulated content of tritium in water compared to the “standard” sim-
ulation. Indeed, the variations of tritium concentration in precipitation due to the incor-
poration of bomb-tritium and to its elimination by the hydrological cycle are more abrupt
with this assumption, both in time and amplitude. For example, the decay of tritium in
precipitation between the bomb peak to year 1968 for Vienna and Halley Bay is stronger
than with the “standard simulation”. Also, the 1-year moving average maximum tritium
peak in Vienna has been increased by 50% using this simpler implementation.
The parameterization in the “advec z” simulation strongly a↵ects our modeled concen-
tration of tritium in stratospheric water vapor too. Note that with this simpler implemen-
tation the stratospheric water vapor has a lower concentration of tritium. For example, the
pre-bomb values are ⇠7-8 times lower in the “advec z” configuration than in the “stan-
dard” one. The temporal shape of tritium in stratospheric water vapor is also greatly
impacted, with a more abrupt decrease after each significant injection of bomb-tritium
into the atmosphere. For example, the mean decay time of tritium in stratospheric water
vapor between 1963 and mid-1967 is equal to only nine months in the “advec z”simulation,
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clearly lower than the value of three years deduced from the “standard” simulation during
the same time period. This behavior also has the consequence that the simulated tritium
content of water in the stratosphere is rather stable and reaches the pre-bomb value in
1984, six years earlier than in the “standard” simulation.
These findings confirm that the quality of the simulation of vertical advection is crucial
if the model is to reasonably reproduce the temporal evolution of tritium content in the
water cycle in response to the nuclear bomb transient forcing. Meloen et al. [2003] showed
that the AGCMs are influenced by excessive numerical di↵usion leading to an artificially
too strong downward transport of stratospheric tracers. The modeled transport of tritium
with its variations by several orders of amplitude between the stratosphere and the surface
makes this tracer very sensitive to this too di↵usive vertical advection scheme in LMDZ. So
an approach combining tritium data and its modeling provides an additional and valuable
test on atmospheric transport models [Ehhalt et al., 2002; Waugh and Hall , 2002].
5. Conclusion and perspectives
We have implemented bomb-tritium in the LMDZ-iso model, following our previous
work on the implementation of natural tritium in this AGCM [Cauquoin et al., 2015].
This development is the first detailed AGCM modeling of the tritium content of water
with the nuclear-bomb forcing. It creates a great opportunity to evaluate the model
over several decades as the bomb-tritium transient signal moves through the hydrological
cycle, causing huge variations in the tritium content, i.e., by several orders of magnitude.
We have developed a detailed bomb-tritium input function (dates, locations, altitudes,
yields). Indeed for the first time, the anthropogenic tritium injected by each of the
atmospheric nuclear-bomb tests between 1945 and 1980 has been first estimated and
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further implemented in the model. We have studied the temporal variability of tritium
in precipitation and in stratospheric water vapor over a long simulation period with the
bomb-tritium input function, proper climatic forcing and tritium boundary conditions at
the ocean surface. We have used a comprehensive compilation of published data for tritium
in precipitation [IAEA, 2016] to evaluate the model performance in terms of amplitude
and time response to this anthropogenic forcing. A validation has also been performed
for the tritium content in the stratospheric water vapor based on the small number of
stratospheric measurements available [Ehhalt et al., 2002].
LMDZ-iso reproduces the general shape of the temporal evolution of tritium between
1950 and 2008 reasonably well, even if some major features need to be improved. However,
LMDZ-iso simulates too high a tritium peak at the beginning of the 1960s in the Northern
Hemisphere. This modeled peak is also followed by too strong a decrease of tritium in
precipitation so that the modeled tritium content in precipitation reaches the pre-bomb
level several years sooner than in reality. The average decay time in stratospheric water
with the “standard” simulation, namely 4.10 years, is significantly lower than the value
of 7.7 years from Ehhalt et al. [2002].
Our boundary condition on tritium at the ocean surface has little e↵ect during the period
1950-1980 because of the dominant contribution of anthropogenic tritium injected by the
high-yield atmospheric thermonuclear tests. We have performed several tests showing that
the choice of the vertical advection scheme, with only very minor changes in the general
circulation, has the largest e↵ect on the residence time of tritium in the stratosphere, as
previously demonstrated by Eluszkiewicz et al. [2000] for other tracers. Moreover, the
too di↵usive vertical advection in the AGCMs [Meloen et al., 2003], and so in LMDZ,
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has huge consequences on tritium distribution in the troposphere with tritium content
in precipitation too high at the bomb peak and too low after 1990. This mismatch with
data being even larger when all the tritium is injected into the highest stratospheric
layer (“cloud top” simulation). Both large-scale features of the circulation and numerical
di↵usion appear to have a role in influencing mean residence time in the stratosphere
[Hall et al., 1999; Eluszkiewicz et al., 2000]; the tritium model-data comparisons provide
an additional and valuable test on atmospheric transport models for this issue [Ehhalt
et al., 2002; Waugh and Hall , 2002].
In conclusion, the incorporation of tritium into an AGCM, from both its natural
[Cauquoin et al., 2015] and anthropogenic (this study) origins, creates a new and valuable
way of testing the modeled water vapor dynamics, complementing water stable isotope
modeling. One of the major advantages of the anthropogenic tritium implementation is
the possibility of evaluating the response of the modeled water cycle to a significant tran-
sient forcing over several decades. The AGCMs disperse the stratospheric tracers over too
large areas and too deeply into the troposphere, which is likely an artefact from numeri-
cal di↵usion. In consequence, the AGCMs tend to overestimate the downward transport
from the stratosphere to the troposphere [Meloen et al., 2003; Stohl et al., 2003]. This
has important consequences on the modeling of tritium in the LMDZ model and more
generally on the modeling of the water distribution in the atmosphere. Despite the cost
in computing time, one solution could be to increase the vertical resolution, especially in
the stratosphere [Land et al., 2002; Meloen et al., 2003; Stevens et al., 2013]. Repeating
this work by modeling tritium in another AGCM with another advection scheme, or after
having implemented a more advanced (higher-order) scheme in LMDZ would be useful
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too [Eluszkiewicz et al., 2000]. Further, a more accurate isotopic modeling of tritium
would be useful in revealing the links between the hydrological cycle and the atmospheric
dynamics. An approach combining several isotopic proxies (tritium and water stable iso-
topes) and comparing model simulations with high-resolution data would be particularly
valuable. New insight could be expected for example from Antarctica, an area with ex-
treme meteorological conditions, where the stratospheric intrusions of air masses have a
maximum e↵ect on the local air tritium concentration, especially during the presence of
a polar vortex each austral winter.
c 2016 American Geophysical Union. All Rights Reserved.
Appendix A: Comparison of van Leer’s and upstream advection schemes
For simplicity, we consider the advection along one dimension only, with wind flowing
from grid box i   1 to grid box i and from grid box i to grid box i + 1. In both van
Leer ’s [1977] second-order advection scheme and the upstream advection scheme [Go-
dunov , 1959], the mixing ratio after advection in box i (q0i) is given by:
q0i =
qi ⇥mi + Ui 1/2 ⇥ qi 1/2   U1+1/2 ⇥ qi+1/2
mi + Ui 1/2   U1+1/2 (A1)
where qi and mi are the mixing ratio and air mass in box i, Ui 1/2 is the air mass flux
at the boundary between boxes i and i   1, Ui+1/2 is the air mass flux at the boundary
between boxes i and i + 1. The two schemes di↵er in the way the water vapor mixing
ratio that is advected from box i   1 to i, qi 1/2, and the water vapor mixing ratio that
is advected from box i to i+ 1, qi+1/2, are calculated.
In van Leer’s scheme, qi 1/2 is a linear combination of the mixing ratio in the boxes
i  1 and i. Similarly, qi+1/2 is a linear combination of the mixing ratio in the boxes i and
i+1. For example, if the air mass flux from grid box i 1 to grid box i is very small, then
qi 1/2 = (qi+ qi 1)/2. This reflects the air that is advected into box i being restricted to a
small margin along the i  1/i boundary, so that its mixing ratio is exactly intermediate
between qi 1 and qi.
In contrast, the upstream scheme is much simpler: qi 1/2 = qi 1 and qi+1/2 = qi. This
means that even if the air mass flux from grid box i   1 to grid box i is very small, the
air that is advected into box i has the same water vapor mixing ratio as grid box i  1 as
a whole. This makes the upstream scheme much more di↵usive.
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Table 1. Global tritium inventories published in the literaturea
Reference Tritium input Method Date of inventory Remark
(in kg of T)
Martell [1963] 124 1 1961 -
Eriksson [1965] 196 1 1962 -
Miskel [1973] 828 1 1962 -
Schell et al. [1974] 816 1 1962 -
NRCP [1979] 362 1 1962 -
UNSCEAR [2000] 520 1 1962 -
Michel [1976] 550 ± 160 2 1970 Total Hydrosphere
Weiss and Roether [1980] 407 2 1972 Oceans only
Broecker et al. [1986] 460 2 1973-1978 Oceans only
aMethods 1 and 2 refer to weapon yields and environmental data decay-corrected to 1960, respectively.
c 2016 American Geophysical Union. All Rights Reserved.
Table 2. Summary of our estimate of tritium yields of atmospheric nuclear tests
Production mechanism Tritium yield Tritium yield
(mol T Mt 1) (g T Mt 1)
(1) Ternary fissions 0.019 0.06
(2) 14N(n,3H)12C for fission neutrons 2.62 7.9
(3) 14N(n,3H)12C for fusion neutrons 207.8 623.4
(4) Residual tritium in the explosive 482 1446
c 2016 American Geophysical Union. All Rights Reserved.































































Figure 1. Cross-section (expressed in barn, equivalent to 10 28 m2) of 14N(n,p)14C (in black)
and 14N(n,3H)12C (in red) reactions as a function of neutron energy (ENDF data base from
Chadwick et al. [2011]) and energy distribution of fission neutrons (in blue). The number of
fission neutrons with an energy between E and E + dE is proportional to P (E)dE.
c 2016 American Geophysical Union. All Rights Reserved.



















































Figure 2. (left) Cumulative bomb-tritium production from the UNSCEAR nuclear bomb-test
data set using tritium yields of Table 2. (right) Bomb 14C inventories during the moratorium
on nuclear tests (1959-1961) and at the end of USA-USSR atmospheric tests (open squares) and
cumulative 14C production (black line) according to equation (2) for b2 = 117 and b3 = 320 mol
14C Mt 1 (inventories are based on 14C measurements in the troposphere and stratosphere plus
model results for biosphere and ocean [Naegler , 2005]).
c 2016 American Geophysical Union. All Rights Reserved.





























Figure 3. Maximum height (in black) and vertical extent (in red) of a nuclear cloud as a
function of the energy of the detonation. The dotted curves are derived from Machta’s theory
for a tropical atmosphere [Machta, 1950; Kellogg et al., 1957]. Solid curves are the polynomial
fits considered from this study. The horizontal black lines refer to the altitude ranges of the
tropopause at the Equator and high latitudes.











Figure 4. Monthly values of tritium in precipitation at Vienna, Valentia, Ottawa, Melbourne and
Halley Bay between 1950 and 2008. The black line represents the GNIP data and the red line our results
from LMDZ-iso.
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Figure 5. Simulated average tritium in water vapor above 200 hPa level (red dotted line)
and 20 km (red solid line) vertical levels during the period 1950-2008 and comparisons with the
average tritium function from Ehhalt et al. [2002] (black line) based on measurements of tritium
in stratospheric water vapor above 20 km altitude.
c 2016 American Geophysical Union. All Rights Reserved.
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Figure 6. 1-year moving average tritium in precipitation at the five GNIP stations and average
tritium in stratospheric water vapor between 1950 and 2008 in our di↵erent simulations (red: “standard”,
green: “cloud top”, blue: “0.2TU”) and comparison with the available data (black line). For Halley
Bay and the stratospheric compartment, the tritium curve from the “0.2TU” simulation is merged with
the one from the “standard” simulation.
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Figure 7. Comparison of the simulated outputs of tritium at Vienna, Halley Bay and in the strato-
sphere during the period 1950-2008 between the “standard” (red), “advec xy” (gray) and “advec z”
(purple) simulations. The curves of precipitation in tritium at Vienna and Halley Bay are smoothed
with a 1-year moving average.
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